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Preface

The enhanced Schottky barrier MODFET (ESMODFET) is presented I .;4A
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S---Abstract

The design and dc performance of enhanced Schottky barrier

modulation doped field effect transistors (ESMODFETs)is presented.

The theory required to estimate the layer thicknesses and dopings

required for a desired barrier height is developed. The experi-

mental results show an increase from 0.8eV to 1.6eV for the

ESMODFET versus the standard MODFET with good correlation between

theory and experiment. The ohmic contact resistance of the

ESMODFET is shown to be comparable to that of the MODFET. The

process used to fabricate the ESMODFET is similar to that used --.-' -

today for MODFETs.
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STUDY AND ANALYSIS OF AlGaAs/GaAs MODULATION DOPED

FIELD EFFECT TRANSISTORS INCORPORATING P-TYPE Ir,

SCHOTTKY GATE BARRIERS

I. Introduction

Motivation

The modulation-doped field effect transistor (MODFET) is a

high-speed transistor currently being studied by several corpora-

tions and universities. The MODFET is similar to the metal-semi-

conductor field effect transistor (MESFET), because both devices

use the Schottky barrier formed by the gate contact (See Fig 1-1)

to modulate the current in the device.

The Schottky barrier produced by the gate contact is depen-

dent on the type of metal used, as well as the doping of the

semiconductor. Many metals do not make good contacts with the

semiconductor, which limits the range of possible barrier heights

available to the transistor designer [57:1, 74:1004]. This thesis

will explore alteration of the Schottky barrier through the use

of highly-doped ultrathin p-type semiconductor layers under the

gate contact. The additional barrier height obtained by using p+

surface layers will allow a larger gate voltage to be applied to

. the MODFET before the gate leakage current becomes excessive. The

typical metal contact (Al,Ti) used for the gate in MODFETs has a

Schottky barrier of around 0.8eV [74], while the Schottky barrier

available from using p+ GaAs layers is that of the AlGaAs band-

,+. / [+.+.;:;-



gap, approximately 1.6eV for an Al mole fraction of 30 percent. . ,

The p+ MODFET, termed the enhanced Schottky MODFET (ESMODFET),
'..w w-l

can have any desired barrier between 0.8eV and 1.6eV through the

use of the p+ GaAs semiconductor surface layer. While this thesis

studies an aspect of the MODFET which has not been studied except

by a few authors [40,52,64,65], the concept of using thin highly '.

doped semiconductor layers to alter the Schottky barrier height

of a metal-semiconductor junction has been around for several

years [17,20,56,57,71]. The early work on Schottky barrier modi-

fication along with the theory developed for this thesis will be

discussed in Chapter 2.

MESFET MODFET

Source Gate Drain Source Gate Drain

" ~~~~n+ GaAs\77/- - ili--[

n GaAs n AIGaAs "[- -

undoped AlGaAs -

Semi-insulating GaAs Semi-insulating GaAs

Fig 1-1. MESFET and MODFET Structures -

1-2
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Problem

The modification of Schottky barrier height by using highly

doped semiconductor surface layers was first suggested by Shannon
-. J. -

[57], and later shown to be valid for GaAs diodes by Eglash et al

[17]. The addition of the p+ layer in the ESMODFET is a departure

from previous fabrication procedures for the MODFET [18]. The

charge control model developed by several authors [9,31,35,45,48,

49,54] must be modified to account for the p+ layer. The changes

to the charge control model are significant in their impact, but

blend easily into the standard MODFET model developed by Morkoc

[49]. The modified charge control model can then be used to pre-

dict the threshold voltage (Voff) the transconductance (g the

capacitance, and the current-voltage (I-V) characteristics of the

ESMODFET. Thus the problem is one of developing the model for the

ESMODFET, determining the thickness and doping of each layer for

a given Voff and enhanced Schottky barrier height (Vm), and
V~ff Vmax

finally altering the MODFET fabrication process to yield working

ESMODFETs.

Scope
4

The scope of this thesis will be to develop a model to

predict the I-V characteristics of the ESMODSFET, fabricate

working devices, and then to test the devices and compare them to

MODFETs with similar layer thicknesses to determine the advan-

tages and disadvantages of the ESMODFET. The test measurements

discussed in this thesis will be limited to the dc response of

1-3
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the devices due to the limited amount of time that was available

to fabricate and test the ESMODFET devices.

Assumptions

The assumptions used in this thesis are 1) that the pre sent

model used by Morkoc [49] is correct, and 2) that the depletion _.%

approximation is valid for determining the charge relationships

of the ESMODFET.

Major Results

ESMODFETs were fabricated with test results closely matching

the predicted values from theory. The maximum available Schottky

barrier for the ESMODFET is that of the bandgap of AIGaAs, which - ""

is nproximately 1.6V for an Al mole fraction of 30 percent. The

trans conductance of the ESMODFET is lower than that of a MODFET

with a similar threshold voltage. The Schottky barrier was in-

creased from 0.8eV to 1.62eV for ESMODFETs with 2 m gate lengths

and a threshold voltage of -1.1V. The ease with which the

Schottky barrier can be altered by the addition of the p+ layer

is also a disadvantage due to the tight control required for

layer thickness and doping. The slow etches typically used for

the MODFET before applying the gate contact are not satisfactory

for removing the p+ layer in the regions between the gate and

source/drain for Ti gates because the metal is very reactive with

the etchant (21,74:1003]. A GaAs selective etchant (NH4OH:DI

water: H202 ) buffered to pH 7.05 [18:306,Appendix C] worked best ...-

for removal of the p+ layer, despite the fact that the strength

1-4
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of the etchant must be carefully controlled during preparation

over a narrow range of pH values. This was because the required

time of exposure to the selective etchant was much shorter than

that of the slower etchant [Bell Labs proprietary] also used in

the fabrication process.

Sequence of Presentation

Chapter 2 gives the theoretical background of the MODFET and in-

troduces the theory of the ESMODFET, Schottky barrier contacts, , -

and the charge control models used for both the MODFET and the

ESMODFET. Chapter 3 describes the equipment used to fabricate and

test the ESMODFET, while Chapter 4 outlines the experimental

design of the ESMODFET. The test procedures used to measure the

current-voltage (I-V) characteristics of the ESMODFET are given

in Chapter 5. Chapter 6 summarizes the major test results and the

corresponding match to the theory developed in chapter 2. Conclu-

sions and suggestions for additional study on the ESMODFET are

found in chapter 7.

1-5
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II. Theoretical Background

The MODFET has a switching speed of less than 15 ps [18:

307, 32:19,46:28,58:352] while consuming less than 1 mW [18,37,

461. The high speed of the MODFET is directly attributable to the

unique way in which MODFETs are constructed. The MODFET is con-

structed with thin layers of dissimilar semiconductor material by

a process known as molecular beam epitaxy (MBE) [59]. Other pro-

cesses such as liquid phase epitaxy (LPE) [68] have been used to

make heterostructures, but have proven to be less effective than

MBE [39:43]. This chapter will discuss MBE, the MODFET, Schottky

barrier modification, the ESMODFET, as well as introduce the • -

theory of operation for the MODFET.

I &' Molecular Beam Epitaxy

MBE permits the epitaxial growth of ultrathin semiconductor

thicknesses with precise control over layer thicknesses down to a

monolayer [39:44], which is about 2.8A, as well as having the

capability of producing extremely sharp doping profiles in layer-

ed semiconductor structures and junctions. Precise layer control

is crucial to the operation of the MODFET as will be shown later.

MBE is ideal for semiconductor fabrication because the layers

created can be elemental semiconductors, compound semiconductors,

or metals. Fig 2-1 is a picture of a typical NBE system [16:1381].

-12 - 14The MBE system consists of a high vacuum chamber (10 to 10

torr) [34,391, surrounded by a cyro shield through which liquid

nitrogen flows, several molecular beam effusion cells, which

2-1
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..-.*. direct molecular beams onto a crystalline substrate in the cham- .'" ,

ber, mechanical shutters which control the flux of the beams,

and a heated crystal substrate holder which is used to hold the

substrate upon which layers are grown. Some systems also have

analytical devices such as reflection high energy electron dif-

fraction (RHEED) guns to analyze the crystal surfaces being

grown [381.

To produce a compound semiconductor such as GaAs, a combina-

tion of Ga and As molecular beams is used. When the molecular

beams impinge upon a hot crystalline substrate, their molecular

species undergo a kinetic reaction and chemisorb to the substrate

surface. This process results in a monolayer by monolayer nucle-

ation or growth of a single crystal layer upon the substrate sur-

face [38]. If dopants are required during the process, a third

source, consisting of the dopant, is used. Thus the growth of

doped AlGaAs would require the use of four molecular beams. Most

MBE systems have four or more effusion cells.

The semiconductor material grown by MBE can be very pure and

virtually defect free [24], under controlled growth conditions.

The purity and the perfection of the crystalline lattice strongly

affect the mobility of free electrons in the semiconductor layers

[14,32,72]. Table 1 shows the wide range of semiconductors which

can be grown by MBE. With the wide range of semiconductor mater-

ials available from MBE, new devices such as the MODFET soon

followed.

2-3 .
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Table 1 Semiconductor materials Epitaxially
Grown by MBE [39]

Ill-V IV-VI Il-VI IV

GaAs PbTe ZnTe Si
AlGaAs PbSnTe ZnSe Ge
GaAsP PbS ZnSeTe SiGe
InP PbSe CdTe
InGaAs PbSeSn CdS
GaSbAs SnTe
AlAs

The Standard MODFET

The MODFET is fabricated from MBE semiconductor layers grown

on a semi-insulating (SI) GaAs substrate (See Fig 2-2). Upon the

SI substrate the following layers are grown in order: An undoped

ijm layer of GaAs which is usually termed the buffer layer. This

is followed by an undoped layer of AlGaAs (30-200)A, the separ-

ation layer, upon which a doped layer (250-700)A of AlGaAs is

grown, and finally a GaAs capping layer (50-200)AO is grown on top

of the doped AlGaAs layer. The source and drain contacts are made

with a AuGeNi alloy, which is usually found to be necessary for

the formation of ohmic contacts, while the gate is made with Al

or a combination of Ti and then Au. In the case of Ti gates, Au

is deposited upon the Ti to improve the ohmic conductivity of

the gate contact.

The thickness of the separation layer affects the mobility

of the MODFET [12,13,15,16,27,62,67]. Separation layers of 200A

6 2
yield mobilities in excess of 10 cm /V-s [24,59:1017). Normal-

ly a thinner layer (20-30)A is used to yield the best combina-
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tion of speed and transconductance [59:1020].

The thickness and doping of the AlGaAs layer determines whe-

ther the device operates in the depletion-mode or in the enhance-

ment-mode [46:321. The thickness of the AlGaAs layer is determin-

ed by etching the layer until the desired threshold voltage (Voff)

is obtained. The Ge in the AuGeNi alloy diffuses down into the

undoped GaAs to provide an ohmic contact for the source and drain

to the channel region of the MODFET [1,3,23,25,26,30,41,50,51,53,

551. The capping layer can be doped to alter the Schottky barrier

height under the gate or to facilitate the formation of ohmic

P contacts in the source and drain regions [17,57,71].

The differing layers of the MODFET yield some unique proper-

ties which give the MODFET its tremendous speed. A better under-

standing of the MODFET is obtained by looking at the energy band

structure for the various semiconductor layers.

Energy Bands. The operation of the MODFET depends on the

properties of the AlGaAs/GaAs interface known as the heterojunc-

tion. To gain a better understanding of what happens at the inter-

face one must look at the energy band diagrams of AlGaAs and GaAs

(see Fig 2-3). The conduction band is labeled E c the valence band

is labeled Ev, the bandgap is denoted by Eg, and the Fermi level

is labeled Ef. As can be seen in Fig 2-3 the bandgap for AlGaAs is

larger than that of GaAs. At the interface, according to semicon-

ductor theory [43:390-393] the Fermi level must be continuous

across the heterojunction in erface. This results in bandbending

as shown in Fig 2-4. The amount of bandbending is equal to the
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difference in conduction band energy (AEc) between the two semi- -

conductors. To return the system to equilibrium, electrons from

the doped AlGaAs migrate to the undoped GaAs [46,48,59]. In the

GaAs they are separated from their ionized donors, which are bound

in the AlGaAs, and are prevented from returning by the potential

difference AE At room temperature, the potential 4E is still
c c

much greater than kT, trapping the electrons in the GaAs. The

result is an approximately triangular well which is formed in the

conduction band of the GaAs [44:1226,59:1016,63:705]. When the

gate is added, the band picture looks as shown in Fig 2-5. The

addition of the gate has caused the conduction band to bend due to

the barrier potential of the Schottky contact and the applied gate

voltage. A negative gate voltage causes further bending, while a

positive gate voltage lessens the band bending [54]. By control-

ling the Schottky barrier height and the gate voltage, the current

in the MODFET can be varied. As will be shown later, the Schottky

barrier and gate voltage have a direct effect on the number of

electrons in the triangular well.

Two Dimensional Electron Gas. The electrons which are

trapped in the GaAs form a quasi-two dimensional electron gas

(2DEG) [33,34,44,46,63]. The triangular well (see Fig 2-4) is

normally (50-100) A across, perpendicular to the heterojunction.

The thin layer of carriers in the quantum well is shown in Fig 2-6

[44: L226]. Fig 2-6 is a comparison of the electron density with

respect to distance into the GaAs from the heterojunction. As can

be seen the electrons are confined in an 85A thick layer close to

2-8
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the heterojunction. The 2DEG approximation is derived from the

dimensions of the MODFET. For a typical MODFET the gate length is

1 14m with a width of 25 to 300 ,m. Thus the physical picture (see

Fig 2-7) of the 2DEG is much like that of a sheet of paper. The

thickness of the well is so small compared to its width or length,

it is easier to describe it in two rather than three dimensions.

An actual quantum well is formed in the GaAs buffer layer

because the electrons in the well are trapped by the potential

barrier AEc . By solving the Shroedinger wave equation, it can

be shown that the only allowed states are quantized [61,73) with

the ground subband containing 60% and the first subband 20% of the

free electrons respectively, at room temperature [73:308]. The

trapped electrons are no longer affected directly by the ionized

donors due to the spatial separation caused by the potential

barrier (AEc), resulting in greatly increased mobility.

Electron Mobility. The mobility of the free electrons in the

2DEG is greatly enhanced due to their separation from the ionized

donors in the AlGaAs. The main factors which affect mobility are

coulombic scattering, acoustic phonon scattering due to lattice

0I vibration, discontinuities in the crystal lattice, impurity

scattering, and temperature [16,36,48:3-4,72]. Temperature is an

important factor, because the amount of lattice vibration is

directly proportional to the temperature of the crystalline sub-

strate. The dominant scattering mechanism from room temperature

down to 77 K is acoustic phonons [72:582]. Below 77 K the impurity

scattering and coulombic scattering become important. Coulombic
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scattering is due to the coulombic interaction between the free

electrons and the ionized donors. Due to the separation of the

electrons from the donors, coulombic scattering is nearly elimi-

nated. The coulombic scattering can be reduced even further by

increasing the thickness of the separation layer [12,15,16,27].

The GaAs layer grown by MBE is virtually free of lattice defects

and unwanted impurities reducing the scattering due to impurities

and lattice defects to very low levels. Thus, with a nearly per-

fect lattice structure and virtually no other scattering mechan-

isms present, the free electrons can attain very high mobilities

as predicted from theory [43:208-2161.

The mobility of the MODFET at room temperature is typically

2 68000 cm2/volt-s with an increase to between 200,000 and 106
0. cm2/volt-s below 77K [28,48:41. The large difference in mobility

at low temperatures is due to material constraints such as the

thickness of the separation layer and the purity of the GaAs as

well as the aluminum mole fraction in the AlGaAs [13,15,16]. Fig

2-8 gives the mobility of the electrons in the 2DEG versus the

mole fraction of Al in AlGaAs with each curve representing a dif-

ferent temperature [16:1024]. As can be seen, the mobility goes

up as the temperature is decreased. The ability to control the

2DEG with its associated mobility is made possible through the

Schottky barrier formed by the gate contact. To better understand

the operation of the MODFET and ESMODFET, the Schottky barrier and

its associated theory will be introduced.

2-12
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Schottky Barrier Modification

In an ideal metal-semiconductor contact, the Schottky barrier

is simply the difference between the electron affinity of the -

semiconductor and the work function of the metal. This barrier is

dependent upon the work function of the metal and the surface L_

states of the semiconductor. The barrier is fixed for a particular

metal-semiconductor combination [17,57,74]. The height of the bar-

rier can be altered by using various metals as contacts. Unfortu-

nately, the range of possible Schottky barriers is limited for the

available metals which make good physical contacts with semicon-

ductors. Thus the available barriers available to the transistor *.. -

designer are limited.

In 1976 Shannon [571 suggested that the Schottky barrier
-' could be altered by using heavily-doped surface layers. Highly-

doped n-type surface layers decrease the Schottky barrier, while

ighly-doped p-type surface layers increase the Schottky barrier

[57:543]. Shannon's results were verified by Eglash et al [17]

for GaAs diodes. The theory proposed by Shannon can also be . -

applied to semiconductor surface layers with bandgaps which are

different than the base semiconductor. The band diagram for a

metal-p-n system is shown in Fig 2-9.

To obtain the band diagram, Poisson's equation must be solved

in each region with the appropriate boundary conditions (see Ap-

Eendix A). The boundary conditions used to obtain Fig 2-9 are that

the electric field and the electrostatic potential must be contin-

uous at x=, and that the electrostatic potential is constant and .
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the electric field is zero at x=0. For simplicity the electrostatic
potential was taken as zero at x=O. The actual value is dependent

on the doping of the base semiconductor as well as the type of dop-

ant used [19,691. For highly-doped semiconductors the actual value

is nearly zero.

I

Metal p+ I n

qV~

I,

x=W+t x=W X=0

Distance Into Semiconductor

Fig 2-9 Conduction Band Diagram for metal-p+-n
System with Equal Bandgaps.

The band diagram for the metal/p+ GaAs/n-AlGaAs system is

given in Fig 2-10. The bandgap of AlGaAs is dependent on the

mole-fraction of aluminum used [19:162,22]. The difference in

conduction band energy (AEc) is typically 65% of the total

bandgap difference (AEg) for mole-fractions less than 0.4 _
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[22,54:1019]. The electrostatic potential as a function of

distance is given by (see Appendix A)

-- C (2-1)

+ _ :-"-W) (2-2)

where = electrostatic potential

= position

t = p+ GaAs thickness

W = AlGaAs depletion depth.

Nd = doping of AIGaAs layer

As = doping of p+ GaAs layer

E, = permittivity of AlGaAs

= permittivity of GaAs

AE = conduction band discontinuity

The actual depletion depth into the AlGaAs (W) can be found

by solving for W in the equation (See Appendix A)

Vb-v\ = 2 -A .±* C (2-3)

26, oe :::.-,

V9  = applied gate voltage

S= Schottky barrier of metal to p+ GaAs
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which when rearranged yields

_ " :i- / m-l

4t - - 1] (2-4)

I... .-

Metal p+ GaAs n AlGaAs
I.-.- ..

qV b

II_
-qVg "

x=W+t x=W x= 0

Position

Fig 2-10 Conduction Band Diagram for Metal/p+ GaAs/
n-AiGaAs System with Different Bandgaps.

Thus, with a thorough understanding of the concept of barrier

modification, the next step is to apply the concept of Schottky

barrier modification to the MODFET. The band diagram of the MODFET

and ESMODFET can be determined by solving Poisson's equation (see

Appendix B) for each layer of the device. The charge control model

developed for the MODFET is a result of the solution of Poisson's

equation for the semiconductor interfaces of the MODFET. The

charge control model is used to determine the relationship between

device parameters such as layer thickness and doping to the elec-

trical characteristics of the MODFET.
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PIODFET modeling

The MCDFET has been extensively modeled by several different

authors [6,9,31,35,45,48,49,54]. This thesis will present the

model developed by Morkoc and coworkers at the University of

Illinois [48,541.

Charge Control. The thickness of the layers of the MODFET

are tailored to provide an overlapping of the depletion due to the

heterojunction and due to the gate contact and applied voltage.

The amount of charge controlled by a given gate voltage can be

predicted by analyzing the conduction band diagram of the MODFET.

Standard MODFET. The conduction band diagram of the

standard MODFET is given in Fig 2-5. Solving Poisson's equation in

each region of the MODFET yields [49:17]:

V6 -V +~~ ±A E--Ef Yl (2 0-5)6Z.:E.

where = 2DEG carrier concentration

Nd = Donor concentration in AlGaAs

d, = doped AlGaAs thickness

= undoped AlGaAs thickness

Ef = potential between Fermi level and
bottom of quantum well

When (2-5) is rearranged for n s

- / + V5 -V AC E -EfL (2-6)
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but E fi is also a function of n5 [ 49:14] and is given by

Efz~ ciY\s+ Ef, (2-7)

- f3
where A 25' x 1 (2-8)

4F a + 3000 K> 0.025V ot+ -77*K (2-9)

which yields

62_V____e__J +A, f (2-10)

~ 262.

Rearranging terms, we obtain

n' +E V6+ , (2-11)

*which leads to the final result

+Ad)[ vofFJ(2-12)

where

V~ I Vb -4 - Ec + Efo (2-13)2 4z
and

~ 80R(2-15)

The added ~d term in the denominator, due to the n s depen-

dency of Efi, can be thought of as the average depth of the 2DEG

in the quantum well. The early charge control models [7,8,9] often

overestimated the 2DEG concentration because the n s dependency of
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E was not accounted for. The addition of the p+ layer in the

fi

ESMODFET will also add a correction factor in the denominator

which must be accounted for.

Enhanced Schottky MODFET. The solution of Poisson's

equation in each region of the ESMODFET will also yield a result

for ns (see Appendix B). The conduction band diagram obtained by

solving Poisson's equation for the ESMODFET is given in Fig 2-11.

Solving Poisson's equation yields (See Appendix B):

6" c42--1'-':..
z2

- A# 2  5 Aid C4jt (2-16)

Solving for ns, and accounting for the n dependency of Efi

yields the final result

-- Vf7 (2-17)

where

zel

and

L (2-19)

The result of Eq 2-18 is the same form as found in Eq 2-12,

but has the correction in the denominator for the p+ layer. The

reason that the p+ GaAs thickness (t) is modified, rather than

being added directly, is due to the boundary conditions at the -
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heterointerface between the p+ GaAs layer and the AlGaAs layer.

The charge control model can be extended to predict the

current-voltage (I-V) characteristics for both the MODFET and the

ESMODFET. Thus the real power of the charge control model lies in

the relationships between device parameters and the material

parameters such as thickness and doping.

Current Control. The application of a voltage between the

source and drain (Vds) with V > VOf f will produce a current in

the MODFET (Ids). Fig 2-12 depicts the effect of Vds on the

channel voltage (Vc (x)) as a function of distance, where L is the

length of the channel. The effective voltage controlling the

charge at a distance x along the channel is given by [49]

V: .iVC(

Ve- V .VF% (2-20) _

where Vg is the applied gate voltage and Vc (x) is the channel

voltage as a function of position.

The charge controlled by the gate voltage as a function

of position along the channel is simply:

-F (d(A - (2-21)

The development of the models used to evaluate the MODFET are

based upon the relation [49:19]:

- c~)Z (X (2-22) - -

2-22
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* where Z = Gate width _

k-/ = average velocity of electron at x.

The linear relationship of Eq 2-22 is very good for low

values of electric field, but for the short channel lengths of the

MODFET, the electric field is fairly large which causes saturation

of the electron velocity [5,42,49]. The velocity saturation effect

can be modeled with the current increasing linearly with electron

velocity until the velocity saturation point (E=Es) is reached.

For values of electric field above the saturation point (EEs)'
5

the current is constant due to the velocity saturation of the

electrons (see Fig 2-13).

The two-piece model of the MODFET is based upon the assump-

tion that the electron reaches its saturation velocity at the

drain side of the channel (x=L) (see Fig 2-12). The electron

velocity increases linearly with increasing electric field for

E<E5 and is constant for E Es according to the relations

(E< E.)(2-23)

(E" )(2-24)

where

= electron velocity

= low-field mobility of intrinsic GaAs

E = electric field
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= electric field at velocity saturation

= saturation velocity

U)

0

0
4,

E
S

Electric Field (V/cm)

Fig 2-13 Two-Piece Model of Electron Velocity vs Electric
Field [49).

which then leads to the expressions [35:209]

V V5 +v5 I -(vj+ vsR/Z I5 ± +Rj) (2-25)

and Iv~( z '/2i~.~, \

TSA (t 2.K 2, .v ( K)

where
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V--= Vco.. .F (2-27)

Vs,= Es L (2-28)

1< (2-29)

In these expressions, Vsat is the saturation voltage, Isat is

the saturation current, L is gate length, and Z is the gate

width.

The two-piece model allows for a reasonable prediction

of the I-V characteristics of the MODFET. The model can be

applied to the ESMODFET by simply replacing d with d' in Eq

2-29. The saturation voltage and current for the ESMODFET

are also given by Eqs 2-25 and 2-26 respectively with an

alteration in the constant K as given by

(2-30)

The charge control model can be used to predict the transcon- .

ductance, capacitance and current characteristics of the MODFET

and ESMODFET. The maximum transconductance of the MODFET can be .

found by differentiating the saturation current with respect to

gate voltage [49:231.

Tr ansconductance

The charge control model is easily extended to predict the

transconductance of the MODFET. The transconductance is simply the

increase in current for a given increase in gate voltage. The
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maximum transconductance for the MODFET has been found to be

[49: 23]

vi= S + (2-31)
L L L:

which for short gate lengths reduces to

'E._VZ (2-32)
(o(+-Ad)

a ,I

The transconductance for the ESMODFET is found by substitut-

ing d' for d in Eqs 2-3i and 2-32. Thus for the ESMODFET

L V __ __ _ (2-33)

which for short gate lengths reduces to
ti, = ~2 Z PS) " "- (...+ E ,ZQ ) (2-34)

The current control model can also be used to find the total

charge under the gate of the MODFET, leading to the calculation

of the capacitance of the MODFET versus applied gate voltage.

Small Signal Gate Capacitance

* The small signal gate capacitance of the MODFET has been

calculated using the two-piece model [35,49]. The total charge

under the gate for small electric fields is given by [49:24-25]:

Zf 3lS d x (2-35)
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N

ZT( v (2-36)

VS

Integrating Eq 2-36 yields (49]

QT 2d( ;- gJ)(2-37)

3' 2- ".e

where

CZZ'L(2-38)

V.Differentiating Q T with respect to V gsyields the gate-

to-source capacitance (Cgs) g

(2-39)

Differentiating QT with respect to Vg yields

2 Ic Ny + 2- V

= C i-2j (2-40)

The capacitances of the ESMODFET are found by replacing d

with d' in Eq 2-38. Replacing d with d' yields

T 2 C ( +2V2-41

C 2 (2-42)
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I where
O C2 Z L (2-43) \

The normalized gate-to-drain (C d) and gate-to-source (C gs

* capacitances versus Vds for values of Vg'/VS, for the IIODFET are

* shown in Figs 2-14 and 2-15 respectively [35, 49]. As can be seen

I both Cgd and Cgs can as large as one-half of the gate capacitance.

0-)

0

0, 00 . . .
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The relationships 
between the physical characteristics 

andthe electrical characteristic 
ofte DFToES1F2 

cnbused to determine the layer thicknesses and dopings required for adesired enhanced Schottky barrier (v ) and threshold vote
(V f mxltg
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III. Equipment

Fabrication Equipment

The equipment used to test and fabricate the devices in this

thesis can be found in any microelectronics facility. The devices

were fabricated at the University of Illinois-Urbana and tested

at the Avionics Lab, Wright-Patterson AFB, Ohio. The wafers were

fabricated by MDE and then processed using spinners, ovens, mask

aligners and an evaporation chamber. The fabrication process is

explained in detail in Appendix C.

Spinner. The spinner used was manufactured by Headway

Research Inc.. The important features required for the spinner

are a vacuum chuck to hold the wafer in place and the capability

to spin the wafer at 5000 rpm. The wafers were spun at 5000 rpm

for 30 seconds after the photoresist was applied. -.

Mask Aligner. The mask aligner used to expose the photo-

resist was a Karl Suiss model MITB 3HP UV400. The intensity used

2to expose the photoresist was 8.7 mW/cm . The samples were all

exposed for six seconds. The aligner used for fabrication must be

able to handle device geometries with 1 Am gate lengths.

Prebake Ovens. The ovens used for pre-bake, softbake, and

drying the wafers were metal boxes with the temperature control-

led by hotplates. Each hot plate had controls which could be

adjusted to keep the ovens at a constant temerature. The ovens
• • ~'. °° * .

were operated at either 900C or 1100C.
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Alloying Oven. The alloying oven used was heated to 500°C.

Nitrogen was used to purge the oven before samples were placed in

the oven. The oven was the purged with nitrogen for three minutes

after the wafers were placed within the tube. After purging, the

wafers were pushed into the oven for 50 seconds. After the 50

second alloying bake, the wafers were again kept in the tube for

three minutes while the oven was purged. The wafers were then

removed from the tube.

Evaporation Chamber. The evaporation chamber was a standard

bell-type chamber made by Perkin-Elmer with a Sloan PAK 8 elec-

tron gun used to bombard the target. The evaporation process

involved mounting the wafer samples, placing the the metal pel-

lets to be deposited in the appropriate crucibles, checking the

--00 seal, and then the chamber was evacuated to below 10-  torr.

After the proper pressure was reached, the metal sources were

evaporated in sequence automatically. The gate metal for the

devices used in this thesis were made by depositing a layer of Ti

and then a thin layer of Au. The source and drain contacts were

formed by depositing a AuGe alloy, Ni, and then Au in sequence.

One series of samples had an Al gate metal deposited, but they

did not operate properly when fabricated. After the metal evapo-

ration step was completed, the wafers were removed and the excess

metal was lifted off as outlined in Appendix C.

3-2
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Test Equipment

The test equipment used to determine the dc characteristics

of the ESMODFETs consisted of a current source, a digital multi-

meter, and a semiconductor parameter analyzer.

Current Source. A Hewlett-Packard model 6181B dc current

source was used as the current source for the source resistance

measurement for the ESMODFET. The HP 6181B had a low current

range which was used to make the resistance measurement without

passing too much current through the devices.

Digital Hultimeter. A HP mdel 3465B digital multimeter

was used for the source resistance measurements. The multimeter

had a current meter, voltmeter, and resistance meter capability.

The current meter was used to record the current output by the

. ** current source, while the voltmeter was used to measure the

voltage from drain to source for a given current.

Semiconductor Parameter Analyzer. The HP 4145A Semiconduc-

tor parameter analyzer was used to determine many of the dc char-

acteristics of the ESMODFET. A picture of the analyzer is given

in Fig 3-1. The analyzer has the capability of computer control,

but this feature was not utilized during testing. The analyzer

can be quickly switched from measuring one set of parameters to

measuring another without changing the probes. The desired set-

tings for V s, Vg, Ids could be stored in user files for each

test set-up and called up at will. The capabiltiy for storing

preset values for voltages and measurement set-ups, gives the

analyzer a big advantage over the standard curve tracer. The

3-3 0
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analyzer is nothing more than a computerized curve tracer. The

!screen can be photographed, or the data can be reproduced with a

-. plotter as shown in Appendix D.

II L__.

KFig 3-1. HP 4145 Semiconductor Analyzer

The fabrication and testing of the devices was done after the

appropriate doping and thickness for each semiconductor layer was

determined for a desired threshold voltage (Vff and enhanced

Schottky barrier (Va . The theory used to determine the required

thickness and doping for each layer is developed in Chapter 4.
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IV Experimental Design

The fabricaton of the ESMODFET is a two-step process. The

first step is to determine the layer thicknesses necessary for

the desired barrier height (V max) and turn-on voltage (Voff). The

second step involves fabricating the devices. This chapter will

develop the theory used to design the ESMODFET and the procedure

used in fabrication.

Layer Thickness Design

The theory developed in chapter 2 can now be used to predict

the required layer thicknesses of the ESMODFET. The layer design

must be divided into two cases, enhancement devices (Vff>0)

* and depletion devices (Vff<0). The theory used to obtain the

required layer thicknesses is slightly different for each case.

Enhancement Devices (Voff>0). The layer

thicknesses required to fabricate an enhancement device can

be determined from Eq B-49 which is derived in Appendix B.

*~~~/ _ .Apdo~t~~ (B-49)=oF V + _ _ v +E
24le

Where = metal-p+ Schottky barrier

= p+ GaAs layer doping _ -

= p+ GaAs layer thickness

NA = AlGaAs layer doping "..

4-1
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* *-.. =A1GaAs layer thickness

permittivity of GaAs __

6z permittivity of AlGaAs

E-. OV @ 300K, .025V @ 77K.

Adding and subtracting the conduction band discontinuity AE
C

for each heteroj unction and rearranging terms yields

V ~E c-+Vo~~ v ___ +_V (4-1)

Plotting the associated band diagram for Eq 4-1 will give some 1

insight into the problem as shown in Fig 4-1.

bV
max c

0

t d- d d

0 Position

Fig 4-1 Conduction Band Diagram of ESMODFET for Vf 0

4-2
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From Fig 4-1 we obtain

/ 2 /
jo V + A c -F, - Al 4 t 0(4-2)

This expression is equivalent to Eq B-43 when V 0ff=0

= +n. AE4- (B-43)

Thus solving Eq 4-2 for dd yields

2. , .'/-_

dd =4-3)

which is the required AlGaAs layer thickness

Thus the required AlGaAs thickness (dd) for a given Vmax and

Voff has been determined. Now, the required thickness (t) of the

p+ GaAs, which will deplete the AlGaAs as well as produce the

desired dc offset (VOff') at the 2DEG interface, must be deter-

mined. Solving Eq (4-1) for t, we find

+ 4 AlaEe 2-(Vb-OFF +Ef. VoE6 (4-4)
S L AW C Al

Thus the required layer thicknesses for the enhancement

ESMODFET have been determined. Determining the layer thicknesses

of the depletion mode ESMODFET is an extension of the concepts

used for the enhancement device, When a N and the

4-3



Al mole fraction are known, the required thicknesses can be

found. The theory developed in this thesis assumes that all of

the dopants are ionized in the AlGaAs and GaAs layers. This

assumption is fairly good at 300K once the effect of compen-

sation is taken into account. The actual results obtained can

differ from those predicted by using the flux values of the

dopants due to compensation mechanisms in the layers themselves.

Once the effective doping has been determined the theory should

match the experimental results. For typical n-type AlGaAs layers,

the net amount of donors available is typically 65% of the doping

concentration [18:162,69] initially incorporated into the sample.

Because of the uncertainty of the actual doping concentration,

when the device characteristics are measured, only the layer

thicknesses, VOff, Vmax and x will be known. The effective

doping concentrations for Voff >0 can be obtained from the

expressions given below.

Ad= _ ,,- Va - AEc (45)

and

V " (4-6)

2./

Depletion Devices (Voff<0)" The layer thicknesses of de-

pletion mode devices are not quite as simple to calculate as
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those of the enhancement devices. The conduction band diagram is

now affected by the 2DEG concentration (ns ). The conduction dia-

gram for the depletion device is given in Fig 2-12. The solution .-

to Poisson's equation for the depletion mode ESMODFET given in

Eqs 2-15 through 2-18. The maximum barrier (Vm) is then given
max L

by Eq B-43.

The dependence of Vmax on ns requires an iterative process

to obtain the desired V Voff , and ns . However, the n

dependency is not critical, so an approximation can be made

which eliminates the ns dependency and still yields very good

results. The key to determining dd is a knowledge of the band

diagram when Voff = 0. This diagram is given in Fig 4-2.

The maximum is given by Eq 4-1 with Voff=0. The depletion

depth (W) required for the AIGaAs layer to give the desired Vmax

is determined by Eq 4-3 with W replacing dd. The thickness of

the p+ layer is given by Eq 4-4 with W replacing dd and setting

VOff equal to zero. Thus

:~FA 11A et", Ec. " Vo FF (4-7) :.-"-

and

AlA 1dW V 416 (4-8)

A 

.I+4-
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0

-~ t dd d

Position

Fig 4-2. ESMODFET Conduction Band Diagram for VffO

The addition of doped AJ.GaAS forces V~f to be less than zero

with a corresponding 2DEG concentration appearing in the channel.

Solving Eq B-49 for dd yields
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The n s term combined with Elfi in Eq B-43 is approximately ~~ '

the same magnitude as the additional increase in the parabolic '->

" :-,-. _-

term for dt > W. Thus Eq 4-2 is a fairly good approximation
d

for depletion mode devices as well as enhancement devices. To

illustrate the fit of the approximation, Fig 4-3 is given. The

maximum used to predict the layer thicknesses is V = 1.2V.max . .-.-

As can be seen, the solution of Eq B-43, which is shown as the

peak in the figure, is the actual solution for the layer thick-

nesses and doping concentrations used. V has a value of 1.16V.max.... ,

This result is fairly close to the original value used to predict

the layer thicknesses. As Voff approaches zero, the fit is better

until it is exact for Voff greater than zero.

Thus the layer thicknesses for the ESMODFET can be deter-

mined given the desired Vmax, Voff, Na, and Nd. The first two

samples did not have their thicknesses tailored in the manner

just described. The samples were grown, and then Voff and Vmax

were estimated. Table 4-1 gives the doping, layer thicknesses,

predicted barrier heights, and turn-on voltages for the samples

fabricated for this thesis.

4.-..-
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1.6- didd
t dd

Cd 1.4-.

-,

) 0.2-I

0.0-

0 50 100 150 200 250 300 350

Depth Into ESMODFET (A)

Fig 4-3. Conduction Band Diagram for V =1.2,

max
Voff =-.,Using the Approximation of

A. Eq 4-1

Table 4-1 Samples used in Thesis

Sample 11 Nd t d d. xV() ()v ()a dd 1 X b(V Off(V Vmax

2263 2E19 3E18 100 320 30 0.3 0.8 -1.39 1.38

2265 2E19 3E18 75 350 30 0.3 0.8 -2.19 1.12

2373 2E19 3E16 100 320 30 0.3 0.8 -1.39 1.38

2376 2E19 3E18 75 350 30 0.3 0.8 -2.19 1.12 -

*2377 2E19 3E18 75 320 30 0.3 0.8 -1.66 1.04

2378 2E19 3E18 100 350 30 0.3 0.8 -1.96 1.29

El8l01  cm~ E19 101  cm3  t, d, and d~ are in A*
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" ft Device Fabrication

The fabrication procedure used in this thesis is given in

Appendix C. This section will discuss in general terms the method ,

ft used to fabricate the devices. Fig 4-4 shows the steps used in *.

the fabrication procedure.

The procedure used is the standard MODFET procedure used at

the University of Illinois, with the exception of the last step.

The removal of the p+ layer in areas away from the gate (step 6)

is necessary to prevent charge in the p+ layer from depleting the

2DEG in the regions away from the gate, thus insuring that the

2DEG will be present in the regions away from the gate. some of .

the samples had the gate placed directly on the AlGaAs layer. The

metal was placed on the AlGaAs by etching the p+ layer through the

- i! gate mask, applying the gate metal, and then etching away the ...

remainder of the p+ layer as done in step 6.

After the devices were fabricated, they were inspected for

defects and then tested. The tests include measuring the transcon-

ductance, the Schottky barrier, the turn-on voltage, the

contact resistance, parasitic reistances, and the drain I-V ..

characteristics.

I 4-9
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n Al~a~sGate Metal

undoped AJ.GaAs Photoresist

undoped GaAs---

(i1) Wafer Preparation (2) Gate Deposition

AuGe/Ni/Au

Photores ist 41

(2) Source and Drain (5) Gate Metal Liftoffg Deposistion

p+f GaAs

* ~~2DEG ...

(3) Lift-off, Ohmic Alloying (6) p+ Layer Etching

Fig 4-4. Fabrication Process for ESMODFET
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V Experimental Results

The experimental results obtained for the ESMODFETs were dc

measurements of their perfromance characteristics. No attempt

was made to test the microwave performance of the devices. The

measurements include the modified Schottky barrier height

(Vmax), the transconductance (gi) , the turn-on voltage Voff,

the various resistances for the source, drain and gate, contact

resistance (Rc ), and the normal drain I-V curve for the FET.
c

Representative characteristics for each sample are included in

Appendix D.

Schottky Barrier Modification

The devices fabricated for this thesis exhibited a notice-
--0! able increase in Schottky barrier height. The barrier height was

measured using the gate I-V curve as shown in Fig 5-1. Normal

MODFETs have a Schottky barrier of 0.8eV versus a barrier height

between (0.8-1.60)eV for ESMODFETs. The actual increase in bar-

rier height was determined by fabricating MODFETs from the same

wafer as the ESMODFETs. Control samples were fabricated by

etching away the p+ layer and placing the gate contact directly

on the AlGaAs on one piece of substrate, while another piece of

the same substrate was used for the ESMODFET.

The intersection of the extrapolated lines shown in Fig 5-1

with the x axis was recorded as the Schottky barrier height.

The results for V and V are given in Table 5-1.
max off gieinTbe51
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1.0 - ESMODFET

MOOFET
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4.< II

C, I
I /

0.0 1

0.0 1.0 2.0
GATE VOLTAGE (V)

Fig 5-1 Gate I-V Curve for MODFET and ESMIODFET,
Fabricated from Sample 2377. ;2.-

Turn-on Voltage

The turn-on voltage (Voff) was measured by plotting the
off

square-root of Id versus V (see Fig 5-2) and then extrapolating

the linear portion of the curve near Id = 0 down to the V
d 9

axis. The intercept was then recorded as V Another method
Off

of measuring would be to extropolate the transconductance curve

when it starts to rise above zero (see Fig 5-3) back to the V
9

axis. As can be seen, the two measurement techniques give similar

results.

The results obtained for Vff and V were then used
off max

to predict the effective p+ and AlGaAs concentrations as shown

in chapter 6.
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1000

C:

4.4
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VG .2000/div (V)

Gate Voltage (V)

SFig 5-2 I-V Curve used to Determine V0 Of for Sample 2377.

Table 5-1 Turn-on and Schottky Barrier Measurements

for ESMODEET Samples.

Sample Vof f Vma

2263-1A 0.167 1.14

2265-lA -0.20 1.07

2373-lA -0.72 1.30/1.58

2376-1A -0.95 1.15

0 2377-1A -0.74 1.32/1.55

2378-lA -1.15 1.55

These samples had several devices with V at each value.max
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Transconductance

" "The transconductance of the MODFET and ESMODFET is determined

by measuring the change in drain current divided by the change in

gate voltage. The result is plotted versus gate voltage (Fig 5-3)

while accounting for the gate length of 100 Am. Thus the transcon-

ductance (9 is given by

(mS/yin.2 ) (5-1)

The results are recorded in Table 5-2. The transconductance

measured is the extrinsic transconductance. To comjLare the actual

transconductance (gm) to the maximum (gm') the following relation-

ship must be used [75:376].

where RS Source resistance

= Intrinsic Transconductance J

= Masured Transconductance

Resistance Measurements

The resistances of the ESMODFET are measured using standard S

techniques. The source resistance is measured using the technique

shown in Fig 5-4. Because of the high input impedance of the volt-

meter, very little current flows through the drain resistance _

5-4
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me. Gate Voltage(V)

F g 5-3. Transconductance vs Gate Voltage for Sample 2377.

Table 5-2 Transconductance of ESMODEET Samples

Samiple gm (IrS/mwi) M' (mS/mm)

2263-1A 83 122.6

2265-1A 71 102.5

S2273-IA 105 142.6

2376-IA 130 239.7

2377-IA 125 205.4

2378-1A 75 122.6
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'gs
SouceGate Drain

Rg

9I
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5.0 ~VgsuO.9 -
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DRAIN VOLTAGE (V)
Fig 5-5 Drain I-V Characteristics of ESUQ0DFET from

Sample 2265.
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which translates into all of Vds being dropped across Rs. Thus by

Ohm's law, Rs can be determined. The inverse slope of the FET I-V

curve shown in Fig 5-5 is the combined drain and source resistance

(Rsd). Thus, the drain resistance (Rd) is obtained by subtracting "A
sd d •

R from R The inverse slope of the gate I-V curve (see Fig 5-1)s sd*

can be used to find the combined source and gate resistance (Rg).
sg

The gate resistance (Rg) is found by subtracting R from R . Care
g s sg

must be taken when using the gate I-V curve, because the probe

resistance is also included, whereas in the case of Fig 5-6 the

probe resistance has virtually no effect on the measured result of

R because it is much smaller than the input impedance of thesg

voltmeter. The results of the resistance measurements are given

for several devices in Table 5-3.

Table 5-3 Resistance Values for ESMODFETs

Sample R Q) R (2 RgQ) R (2'
s sg g sd

2263-1A 38.9 80.9 42.0 117.9

2265-lA 43.3 77.1 33.8 176.6

2373-1A 25.1 110.0 84.9 93.8

2376-lA 35.2 144.6 109.4 112.5

2377-lA 31.3 157.0 125.7 92.3

2378-lA 51.8 144.0 92.2 109.4 '
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Is our c e I Gate I FD a " [ :::

Fig 5-6 Circuit Diagram for Measuring Combined
Source and Gate Resistance. A

Ohmic Contact Measurement

The ohmic contact measurements were made using the trans-

mission line method (TLM) [75:245]. The TL, involves measuring

the resistance between adjacent contact pads in a test pattern

which has various distances between adjacent pads. The HP 4145A -

was used to measure the diode characteristics between the con-

tacts. The probes were adjusted until a linear I-V curve was

obtained. The inverse slope of the I-V curve is the resistance

between the two contacts. The I-V curve for a pair of contacts

is given in Fig 5-7. The resistance of several contact pairs is

then jlotted for various spacings (L) between pads. A least

5-8
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squares fit was then made to the data to find the resistance

value obtained at the y intercept (L=0). This resistance is

equal to to twice the contact resistance (Rc) [75:245-250].

The contact resistance measurements for each sample are given in

Table 5-4 with the resulting Rc in ohms and in ohm-mm for a pad- 4

length of 75 gm.

The ohmic contact resistances obtained for the ESMODFET

samples were between 0.65 9-mm and 1.45-Q-mm, with all but one

sample (2373) below 1.0 Q-mm. These values of contact resistance

are very good for room temperature measurements. This result

indicates that the p+ layer has little or no effect on the ohmic 4

contact resistance. The ESMODFET contact resistance is in the

same range as the normal contact resistance obtained using the

4# n+ capping layer in MODFETs.

The results of this chapter were then evaluated as described -

in Chapter 6.

Table 5-4 Ohmic Contact Resistance Measurements

Sample R(5Mm) R(10xm) R(15xm) R(20zm) Fit Rc(2 Rc a2-mm) .. ,°

2263-lA 30.5 46.2 53.6 71.2 0.98 9.00 0.68 4

2265-lA 108 290 308 383 1.00 9.35 0.70

2373-lA 55.9 79.5 97.5 114 0.99 19.33 1.45

2376-lA 39.0 55.9 71.0 89.5 1.00 11.17 0.83

2377-lA 36.4 52.8 67.9 83.5 1.00 10.53 0.79

2378-lA 48.5 72.9 101 118 0.99 12.98 0.97

* data point was invalid due to damaged pad. -
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VI Discussion of Results

The results of Chapter 5 show that it is possible to increase

the Schottky barrier height of the MODFET. The correlation with

theory is much more difficult to show due to the large number of

variables which have a determination on the final value of Vma

and Voff as well as ns. This chapter will discuss the correlation

between theory and experiment for the Schottky barrier, turn-on

voltage, and the effective doping concentration of the AlGaAs and

GaAs layers. In addition, the fabrication process and its effect

on the ESMODFET will also be discussed.

Schottky Barrier Height

The enhanced Schottky barrier height (Vm) was very consis-max

tent for samples 2263, 2265, and 2378. The other three samples

(2373,2376,2377) had barrier heights which varied across the wafer

and from device to device. The various measured barriers are given

i a 6 wh
in Table 6-1 with Vmaxl representing the mean value of the barrier

most frequently measured, and Vmax2 representing the mean value

of the other barrier which was also observed several times. The

results appear bimodal in nature for samples 2373, 2376, and 2377.

An example of the two barrier measurements is given in Fig 6-1.

These measurements were made with the gate I-V curves as described

in chapter 5.
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Table 6-1 Measured Schottky Barriers Using Gate I-V

Sample V 1 x(V) V mx(V)

2263 1.16 --

2265 1.06 --

2373 1.32 1.56 A

2376 1.60 1.42

2377 1.53 1.35

2378 1.44 --

1.0 I

E 2377 2u Gate

z

S0.5

0.00.0 61.'0~ 2.0
GATE VOLTAGE (V)

Fig 6-1. Gate I-V for Two 2AMm Devices on Sample 2377.



.*i[ [ The variation in the measured Schottky barriers could be due *" ""

to several factors such as 1) lattice strain, 2) localized dif-

ferences in doping, 3) mole fraction variation, 4) an oxide layer

under the gate metallization, or 5) a rectifying probe contact at

the gate when measuring.

The lattice strain and mole fraction variation will effect

the conduction band discontinuity (AEc) [3,19,381, increasing or

decreasing the Schottky barrier as AEc increases or decreases.

Although the mole fraction or lattice strain could explain the

differences, it is doubtful that the magnitude of the difference

would be as great as that observed.

The effect of varying the doping concentrations and calculat-

ing V and V can be quite dramatic. If the doping is off by
max Off

only 10 to 15 percent, the measured Voff and Vmax would change a

great deal. The doping concentration can change versus position on

the wafer if hot sp.ots occur on the wafer during growth in the MBE

system. As temperature increases, the sticking coefficient of the

Si atoms impinging on the AlGaAs substrate is lowered and the

group III to group V ratio decreases [19,47]. The result is that

for a given Si flux impinging on the substrate, fewer Si atoms are

incorporated as impurities. The Si atoms which do incorporate into

the substrate have a greater number which go into deep levels as

0- acceptors than at a lower temperature which tends to compensate

the donors in the epitaxy [3,19,69]. Thus the amount of Si atoms

incorporated decreases while compensation increases, decreasing

the effective donor density of the AlGaAs from that predicted by

6-3
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the flux of Si atoms impinging on the substrate.

The formation of an oxide layer under the gate could be a

I. result of the pre-metal etch step (see appendix C) in the fabri- . . -

cation process or a result of the Ti layer in the gate metal

reacting with the H202 in the etchant used to remove the p+ layer

between the gate and the source/drain [21,74]. The oxide behaves

like a dielectric, preventing gate current from leaking to the

source and drain. If the oxide were of a chemically stable form,

there would be no need for the Schottky barrier, but the native

surface oxides on GaAs are both unstable and unreproducible. The

source resistance on all of the samples in question (2373, 2376,

2377) was never greater than that found on samples 2263, 2265, or

2378, so this could be a very likely cause of the difference in

0.= barrier height. One drawback to the oxide assumption is that the

gate to source resistance (Ra) was often small for the values
sg

of Vmax observed.

The voltage from source to drain on the device during the

measurement of the gate I-V also has an effect on the observed

Vmax . This difference is illustrated in Fig 6-2 for sample 2265

with the left-hand I-V curve measured with Vds = 0 V, and the

right-hand I-V curve measured with Vds = 2 V.

As can be seen the I-V curve is shifted considerably due to

the addition of the voltage drop across the source resistance (RS)

For many of the later samples, the gate current measured with

. Vds = 2 V and V = 2 V was less than 100MuA. Thus it is impor-
ds 9

tant to measure the gate I-V curves with the source and drain as

common, to obtain the proper results.

6-4
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VG 2000/d iv V)
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rig 6-2 Effect of Vds on Gate I-V Curves For Sample 2265. - -.

The effect of a rectifying probe contact would be to increase

the apparent barrier because the potential required to overcome

the barrier is additive. This effect should be minimal as shown by

the I-V curves for the probe combinations in Fig 6-3 show only a

linear dependence on applied voltage.
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Fig 6-3 Probe I-V Curve for Two Probe and Three Probe

Measurements.

The shift in V was also observed when moving from 2 mmax

devices to 4AMm and 10 jsm devices. The measured gate I-V was often

lower as gate length increased, but in some cases the measured

barrier inraed hs differences are not readily explained,

beas*h are measurement should be independent of gate

L length. The most likely reason is that the reaction of the H 02

with the Ti is not as severe in terms of percentage of gate area

damaged, for the larger gate length devices.
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The barrier shift observed in Fig 6-4 for sample 2377 yielded

the largest value for Vmax (1.6 V) which is approximately the -

bandgap of Al 0.3Ga 0.7As (1.62 V).

The enhanced Schottky barrier allows the circuit designer to

place a larger gate voltage (1.6 V) on the ESMODFET than on than

on the MODFET (0.8 V) before gate leakage current becomes

excessive. This translates into a 3 dB increase in the signal to

noise ratio for the ES14ODFET before gate leakage current becomes

excessive. The control sample for 2377 (no p+ layer) was used to

comp~are the effect of the barrier shift for a device with the p+

layer from sample 2377. -

2.000-0

E -.2000,

/div

-,

A
4

.0000
* .0000 .0/dv2.000

.- 7-

.20000i

._.Gat Volag (V).-.::

.0000l 2.000
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The effect of the gate leakage current is best illustrated in

Figs 6-5 and 6-6. Figs 6-5 and 6-6 are expanded scale plots of the

drain current versus drain voltage for various values of gate

voltage for the MODFET and ESMODFET devices used in generating the

* I-V curves of Fig 6-4. The Vma of the MODFET is approximately

* 0.8 V while that of the ESMODFET is 1.6 V. This becomes apparent

as Fig 6-5 is observed. As the gate voltage is shifted above 0.8 V

in Fig 6-5, the drain current also shifts away from the origin. -'

This effect is due to the Schottky barrier at the gate contact

becoming forward biased and allowing current to leak past. Note in

Fig 6-5 that the maximum gate voltage applied is 1.2 V. In Fig

6-6, a gate voltage of 1.2 V is applied and stepped to 1.6 V in

increments of 0.2 V. The drain current curves for gate voltages

of 1.2 V and 1.4 V show no shift, while the curve for a gate

voltage of 1.6 V shows some shift. Thus the increased barrier due

to the p+ layer is preventing the current from leaking until the

ESMODFET becomes forward biased near 1.6 V. While the increased

barrier available from the use of highly-doped appears promising,

the large effect of doping on the actual Schottky barrier obtained

must be overcome. The only way to correlate theory with experiment

is to measure V and V and then calculate the effective
max Off

doping. This is necessary because the doping concentrations of the

GaAs and AlGaAs layers are not known precisely.

6-8 -
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Fig 6-6 Drain Current vs Gate Voltage for ESMODEET from
Sample 2377 Showing Virtually No Shift.
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Effective Doping Concentration

The effective doping concentration must be determined before

the comparison between theory and experiment can be made. Ideally

the doping should be measured using Secondary Ion Mass Spectro-

- scopy, Hall measurements, or C-V measurement. The technique used

in this thesis was to take the results from several samples having

the same doping concentrations but different layer thicknesses,

and then finding the doping concentrations which matched the ob-

served results. This involved assuming the metal barrier (Vb) was

0.8V, the thicknesses were exact, and that the mole fraction was

also exact. The experimental values (See Table 6-2) for the doping

concentration are also given in ranges due to the uncertainty of

Table 6-2 Effective Doping Concentration

pSample Deposited Exper imental

N N N Nd a "d a

.2263-lA 3E18 2E19 1.1-1.3 E18 1.0-1.1 E19

-2265-lA 3E18 2E19 1.0-1.3 E18 1.0-1.5 E19

2373-1A 3E18 2E19 2.3-2.4 E18 2.0-2.1 E19

2376-lA 3E18 2E19 2.0-2.1 E18 2.0-2.1 E19

2377-lA 3E18 2E19 2.2-2.3 E18 2.0-2.1 E19

2378-1A 3E18 2E19 2.4-2.5 E18 2.0-2.1 E19

E18 10 18cm -3E19 10 19cm-

6 6-10. , .
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As mentioned previously, temperature has a definite effect on

the doping concentration [19,47]. Mole traction also has an effect .-

on doping concentration [3,19,691. The typical values used for Si

doping of AlGaAs are that (65-70)% of the Si atoms incorporate as I-'[..-

donors (Nd) with approximately 30% incorporated as acceptors (Na)

for Al Ga0 7As [19,691. The AlGaAs donor concentration (Nd) de-
0.30.d

termined from experimental data for the last four samples (2373-

2378) corresponds closely to that determined by the 70% rule. The

first two samples (2263, 2265) show a large decrease in the doping

of the GaAs (Na ) and the AlGaAs (Nd). This cannot be explained

readily, but must be due to an abnormally high amount of compen-

sation combined with the Si atoms not incorporating into the lattice.

Turn-on Voltage

The turn-on voltage (Voff) is also affected by the doping

concentration. The measured Voff values were much more consistent

across the wafer than the values found for Vna The turn-on volt-

age was used along with the Schottky barrier to match the results

with theory. The turn-on voltage is very predictable by the theory.

Because the dimensions of the ESMODFET are very consistent under

the gate, due to the absence of the etch required for standard

MODFETs, V is consistent across the sample. Thus one advantage,
Off

*4
in addition to an enhanced barrier, of the ESMODFET over the standard

MODFET is that Voff is very consistent across the wafer increasing

the yield for a given V over the standard process used toVoff

fabricate MODFETs.

6-11 "
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II

Fabrication

The fabrication process is a major factor in the final analy-

. sis due to the etch step required to remove the GaAs layer in the

" regions between the gate and source/drain. If the etchant is not

prepared properly, too much material can be etched away making the

AlGaAs layer too thin allowing the surface states to deplete the

2DEG or else removing the dopant available to the 2DEG in regions

between the gate and the source and drain. The effective doping -

also enters into the picture, because if the doping is less than

the value used to predict the required thickness of the AlGaAs,

depletion could still occur even if the etch is correctly applied.

- One complete series of devices was found to be defective due to

" overetching. The bad devices showed an extremely high contact

resistance (>10K) which can only be explained by the lack of the

2DEG between the source/drain and gate. The etchant also reacts

with Ti as is demonstrated in Fig 6-7. The H 0 in the etchant
2 2

(see Appendix C) reacts with Ti either dissolving the Ti or causes

larje sections of the Au to lift-off.

The etch used to remove the GaAs layer for samples 2263 and

2265 (NH4OH:I 202:DI Water) is extremely fast, removing GaAs at 17A

per second. The etch is also pH dependent, etching faster if the

pH is low and slightly slower if the pH is higher while lessening

the ability of AlGaAs to stop the etch when the pH is low. The

problem with the series of samples which were overetched was

traced to a bad pH meter. The pH was undoubtably too low thus the

6-12
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overetch occured. Another factor is that the etch may not etch at

a constant rate, etching AlGaAs much faster initially, while slow-

ing down after a period of time. The etch rates were determined

for thick samples and then averaged, possibly hiding the effect.

The etchant can also be made with higher pH values. A pH of 7.2

for the etch will result in a 16A per second etch of GaAs and a

0.3A per second etch of AlGaAs [21]. Thus it is much better to

have a pH which is higher than 7.05 rather than a pH which is less

than 7.05.

A slower etch (Bell Labs proprietary) with a 3 per second

etch rate was also prepared. This etchant was used on several

samples in an attempt to gain better control for the etch step.

d&. The slow etch also brought out the problems with the Ti gate

metal. The sample shown in Fig 6-7 was etched for 15 seconds in

the slower etch versus 7 seconds in the pH 7.05 etch. After close

examination of the other samples, the effect of the H20 2 was also

noticeable on the samples etched with the pH 7.05 etch. The etch

could be changed to one which does not react with Ti, but the

better solution may be to find a suitable gate metal which does

not react with the etchant. Another alternative would be to add a

photoresist step to protect the gate metal during the etch step.

6*14
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VII Conclusions and Recommendations

Conclusions

Based on the results of this thesis the following conclu-

sions can be made: a

1. The Schottky barrier of the MODFET can be altered in

a predictable manner through the use of highly doped

surface layers. A barrier shift from 0.8V to 1.6V

was obtained using a p+ surface layer.

2. The contact resistance of the ESMODFET is comparable

to that of the MODFET.

3. The fabrication process is still experimental and

extremely critical to the operation of the ESMODFET.

4. The precise control required for doping concentration

can be a disadvantage due to the wide variation

in Schottky barrier height for different doping con-

centrations. ,.-. A

5. The effective doping of the p+ and AlGaAs layer must

be known to accurately compare results with theory.

6. The slow etch reacted with the Ti gate metal causing 7_4

damage to the metal and deleterious effects to the -

Schcttky barrier.

7. The transconductance of the ESMODFET and MODFET are

similar. No major reduction was measured.

7-1
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Recommendations

The following recommendations are suggested for future

study of the ESMODFET:

1. Measuring the Schottky barrier height using an optical

technique. This data can Le compared to the Schottky

barrier found in this thesis using I-V measurements.

2. Testing the microwave performance of the ESMODFET and

comparing it to a MODFET with a similar turn-on voltage.

Perform such tests not only for the 2 Am gate length

devices used in this thesis but also for 1Am and

submicron devices.

3. Measure the temperature sensitivity of the ESMODFET. The

Schottky barrier is temperature dependent. The effect of

0. temperature on the overall performance of the ESMODFET

should be characterized.

4. Use an ion-implantation technique to deposit the p+

layer under the gate contact. This would eliminate the

etch step which is extremely critical. Transient an-

nealing would prevent the Si in the AIGaAs from diffus-

ing into the 2DEG.

5. Make several samples with the thickness of the p+ GaAs

layer as the only variable for a given AlGaAs layer

thickness and doping concentration. Then plot the fam- U

ily of curves and compare with theory.

6. Find the maximum barrier height available for typical

MODFET layer thicknesses.

7-2
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7. Measure the mobility and 2DEG concentration of the

ESMODFET using Hall and C-V measurements.

8. Explore the use of different gate metals to reduce the

etchant reaction observed with Ti. .

9. Explore the use of alternative selective etchants which

are more controllable without the deleterious effects on

the deposited gate metal.

10. Due to the added p+ layer, the gate capacitance should

be lower for the ESMODFET. The gate capacitance should

be measured and then compared to a MODFET with a similar

turn-on voltage. The effect of the gate capacitance on

microwave performance should also be considered,

7-3
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Appendix A

Derivation of Barrier Height for Metal-p+ (GaAs) -nl(A1GaAS)

System From Poisson's Equation -

A-i1



The method commonly used to describe metal-semiconductor and

semiconductor-semiconductor junctions is based on the depletion

approximation, which assumes that Poisson's equation is valid for

* tne system involved. The system to be solved using the depletion

approximation is given below in Fig A-1.

Metal p+(GaAs) n(AlGaAs)

Region I Region II

x=W+t x=W x=O

Fig A-I Metal-Semiconductor System of p+ MODFET

Poisson's equation in region II is given by:

(A-1)

where = charge density

Z= permittivity of AlGaAs

for n-type semiconductor material

(A-2)

where ~ .=electronic charge 7
/*/, doping of AIGaAs layer

which leads to j

""il A-2-3)
3xz62

A-2
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". Integrating Poisson's equation to obtain the electric field in

' i Reyion II yields

E2 (A-4)

But at some distance W into the AlGaAs the electric field
and the electrsotatic potential must equal zero. This is depicted

in Fig A-2. Defining the point x= 0 at the depletion depth W

into the AlGaAs and the point x = W+t for the metal-p+ junction

simplifies the solution to all boundary conditions. Thus at x = 0

C1 must equal zero providing the solution for the electric

field in Region II.

0

-P

x=W+t x=W x=0
Position

Fig A-2 Electric Field vs Position

* Thus the electric field in Region II is given by

*But Gauss' Law forces the electric field to be continuous at

x W with the relationship

A-3

4_ •



IF -.1. T1 TO"

'1 !z (A-6) .- .-

For Region I Poisson's equation is given by

A-L- (A-7)

where = charge density p+ GaAs

= permittivity of GaAs

Integrating Eq A-7 leads to

.___ t ~ (A-8)

*. Using Eq A-6 the solution for C2 can be found

C, (IV +/ ) (A-9)

Substituting for C2 yields

X,<,-" x ~ (A-lO 1.0:.

Solving for the electrostatic potential using the relation

0, -(A-i)

Integrating Eq A-5 for Region II yields

9),.._____ (A-12)

Y2. (-:3

But at x=O the electrostatic potential is zero. Thus

A-4
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C3 o
Thus the electrostatic potential for Region II is given by

Tf-- O (C. /._ / (A-14)

In a p-n semiconductor junction with both semiconductors

having equal bandgaps ?PI(W)=) 2 (W). But, because of the con-

duction band discontinuity (AEc) between AlGaAs and GaAs

W)= (W)- EC (A-15)

Integrating Eq A-10 to obtain the electrostatic potential yields

" 4-~ + (A-16)

0 I which when x= W yields

(A-17)

"-

Rearranging terms to solve for C4

(A-18)

Substituting for C in Eq A-16 and rearranging terms

T(>= -__-- (A-1-

"" Which finally reduces to

W) +

A-5
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S Which must equal the Schottky barrier at x= W+t. Thus

• ::V - V + Y c W. 2A W 4E, (A-21) :.-
~U

Which is the same expression as Eq 2-3.

.1

0 I

A-6

e-, 72 . -.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . .



°.bJ-. °:

APPENDIX B

Derivation of Schottky Barrier Height for the

ESMODFET From Poisson's Equation

B-1



The derivation used in this appendix assumes that all of

the available donors and acceptors in the semiconductor layers

are ionized. The other assumptions are that the electric field

in the quantum well is qiuasi-constant and equal to gN s/f I
(13,15], and that the potential at the undoped AlGaAs-GaAs

heterojunction is given by EcEf [13,151.

The stucture of the ESMODFET under the gate is given by

Fig B3-1 below.

Gate Metal

x =d+t
t p4- GaAs Region III

x xd

d d doped AlGaAs Reg ion I I

- x =d. *.

di undoied AlGaAs Reg ion1

2DEG

undoped GaAs

Semi-insulating Substrate

Fig B3-1. ESM'ODEET Structure Under the Gate Contact.
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The solution of Poisson's equation in each region, com-

bined with appropriate boundary conditions will yield the

electric field and electrostatic potential for each region of

the ESMODFET. Starting at the x = 0 point and moving toward

the x = d+t point to solve for the electric field and elec-

trostatic potential.

Region I (0 < x < di) I

Loundary Condition .-

C2 ElJ EO

where ei = permittivity of GaAs

( 2 = permittivity of AlGaAs

E0 = Electric field in 2DEG

E,= Electric field in Region I

Using the assumption that the electric field is quasi-con-

stant in the 2DEG

EO 1 ~ ~~~(B-2) ;,,.- ..

and substituting for E0 in Eq B-1 yields

i!z (B-3)

By integrating Poisson's equation the electric field in Region I

can be found

jf (B-4)

which leads to

(B-5)

B-3
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But ~ ~ ~ ~ ~ ~ ~ ~ ~ .becaus th lasi noe nRgo

n -,.% *. (B-8

Buecause the dl~ is uxoe in Rein)

Matching bondartiondiintx=0 efn V.

which yieldsfel i egonI

Regioni fiel (d. Reio II.d

L

*From Poisson's Equation, we obtain the following

- (B-10)

* integrating Eq B-10

* which leads to

E -2 (B3-12)

Applying the boundary condition at x d

h ~B-4 -
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...........

therefore

67 (B-14)

which yields

4- Xe (B-i5)

Region III (d < x<d +t)

Boundary Condition

E4 Ez.d I 6 E,(I (B-16)

* where =Electric field in Region III

* From Poisson's equation, we obtain -'

~%Z. (B-17)

~ +63(B-18)

but at x =d

L C + 3]6L1d (B-19)

which yields

(3E (B-20)

which leads to the final result

66,
The electric field within the ESMODFET is shown in Fig B-2.
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Souridary Positiono
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= AE-EF~(13-24)

which yields

C2.-
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but at x =0

41 o r E -(B-26) 
.t.

which yields ,'-'-' .27

Region II (di < x < d)

Boundary condition

-[ (B-28)

integrating the electric field

_ _ _ _ _(B-29)

which yields

4.) 2± X-4 (-0

but

matching the electrostatic potential at x = d.

+~~dAEcEF = -C (B-32)

which yields the constant of integration

-f- - EF """(B-33)

substituting for C5

B-7
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Rearranging terms yields ..

Region III (d < x < d+t)

Boundary condition

Integrating the electric field

__P3 _X) (B-37)

- ~fX (B-38)

9- 
.5

+I

the electrostatic potential at x = d is given by

K~~4 AE - Ef - ~c ~(B-39)

IVA (B-40)

Applying the boundary condition at x = d and solving for C6

z6

___ _ (-41)
2.-.2. .

Substituting for C6 yields

B-8
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i. + ri~x7&E,'(B-42)

where 
6

zV
-c r1 !2A/J+ (B-43)

Plotting the electrostatic potential versus position yields

the conduction band diagram of the ESMQDFET as shown in Fig B-3.

Solving the electrostatic potential at the metal interface

(x=d+t) yields

___V + N4oe j _ (B-44)

214

substituting for Ei [49]

E-Fi n, Ef.(B-45)

where 0.. =1.25 x 1013 Vc

=F 0 @300 K, 25 mV @77 K

Rzearranging in terms ofn

+4,~+~+ _E~- (B-47)r

which can be rewritten as

13-9
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where

~ (B-50)

(B-51)

*The final form for n s as found in Eq B-48 is similar to that of

viorkoc [49] and others [351 for the standard MODFET.

* The normal f4ODFET 2DEG concentration (n )is given by
5

+(3-52)

wher e(3

6A 2 4 (B-54)

Thus the standard charge control model can be used for

ESMAOFtETs by simply replacing V offith V 'fE and d with d'.

B-l1



APPENDIX C

Fabrication Procedure for the ESMODFET
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Fabrication Procedure for Samples

Initial Inspection

Inspect wafer under microscope. Comment on surface of wafer

(scratches, marks, rings, granularity, etc.).

Indium Removal

1. Prepare a solution of 1 gm HgCl 2 in 10 ml Dimethyl Forma

mide. Gloves should be worn. Bulk quantities are usually made

before processing wafers.

2. Place wafer sample in the solution and allow to soak.

Occasionally place beaker with samples in ultrasonic tank and

allow to vibrate for 20 seconds.

3. Occasionally remove sample from beaker and rinse with meth-

anol. Return sample to beaker.

1I 4. Repeat steps 2 and 3 until indium is removed. Process nor- J

mally takes three to five minutes.

5. When indium is removed, remove wafer and rinse with meth-

anol.

6. Dip a Q-tip in Alconox cleanser and lightly scrub the wafer

to remove any mercury residue. Do not press when scrubbing the

wafer.

7. Rinse wafer thoroughly in deionized (DI) water.

8. Blow wafer dry with filtered dry nitogen.

9. Place wafer on spinner. Turn on vacuum to hold wafer in

place.

10. Apply several drops of AZ-1350J-SF photoresist to wafer and

spin at 5000 rpm for 30 sec.

C-2
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11. Bake in lI 0°C oven for 30 min.fnrgh

12. Mount wafer to lapping block with paraffin, insuring that

the back surface of the wafer (dull side) is facing outward. .,,,,,

13. Place 5 /.sm grit on lapping surface. Sprinkle DI water on

grit to form a thick solution.

14. Place sample on lapping block down on lapping surface.

Using a figure-eight motion grind the surface of the wafer until

a thickness of 350 Am is obtained. The surface of the wafer

should now be smooth.

15. Melt paraffin by heating with a 500W infra-red lightbulb.

Remove paraffin with tweezers.

16. Remove any remaining paraffin from wafer by rinsing with

trichloroethane.

17. Strip photoresist (PR) using Acetone, Methanol, and DI

water.

18. Blow dry with filtered, high purity dry nitrogen or prefer-

ably with boil-off N2 from liquid N2 tank.

Mesa Etch

1. Prebake in 1100C oven for 5 minutes.

2. Apply AZ-1350 photoresist. -

3. Spin for 30 seconds at 5000 rpm. %

4. Softbake in 900 C oven for 20 minutes.

5. Expose PR for 6 sec with intensity of 8.7 mW/cm2

6. Develop for 60 seconds (I:5;AZ 351 Developer:DI water).

. 7. Etch for 5 sec (3:I:I;Dl water:H 202 :HF). Be sure to use

- gloves.

C-3
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8. Rinse wafer in DI water. S-

9. Strip photoresist (Acetone,Methanol,DI water).

10. Blow dry with filtered dry nitrogen.

Applying Source and Drain Contacts

1. Prebake 1100 C for 5 minutes.

2. Apply AZ 1350 photoresist. Spin 30 seconds at 5000 rpm.

3. Softbake 90°C for 20 minutes.

4. Expose 6 seconds at intensity of 8.7 mW/cm 2

5.- Develop photoresist for 60 seconds (l:5;AZ 351:DI water).

6. Pre-metal clean. Dip wafer in (l:20;NH4 OH:DI water) for 20

seconds. Removes photoresist from source and drain regions.

7. Rinse in DI water and blow dry with filtered dry nitrogen.

8. Mount wafer in evaporation chamber.

9. Place Au,AuGe, and Ni pellets in crucibles. .

10. Lower bell jar and insure the seal is good.

11. Lower pressure to 10-6 torr.

12. Deposits layers sequentially. First 600A AuGe, then 100A

Ni, then 100A Au. Total thickness of ll00A.

13. Remove wafers from chamber.

14. Lift-off metal with acetone soak while occasionally dipping

beaker with wafer in ultrasonic tank. Process takes 5-10 minutes.

15. Strip photoresist and blow dry with dry nitrogen.

Alloying Source and Drain Contacts

1. Insure alloying oven is profiled and heated to 500 C.

2. Purge alloying oven with nitrogen.

C-4
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3. Caution must be used to insure you do not contaminate the

oven. Gloves should be used. Never touch the quartz boat or the

tube which pushes it into the oven without gloves. Place wafer

on quartz boat and place in tube but not into oven.

4. Purge oven with nitrogen for 3 minutes. N%__

5. Push boat into oven and heat for 50 seconds.

b . Pull boat back into tube.

7. Purge oven for 3 minutes.

8. Remove wafer from oven and then from boat. -"

"" Applying Gate Contact

1. Rinse wafer in DI water.

2. Prebake at 1100 C 5 minutes.

3. Apply AZ 4110 photoresist.

4. Spin 30 seconds at 5000 rpm.

5. Softbake 90°C for 20 minutes.

* 6. Expose 7.5 seconds at 8.7 mW/cm 2

7. Soak in chlorobenzene for 15 minutes.

8. Bake in 70'C oven for 10 minutes (aids photoresist).

9. Develop photoresist for 60 seconds. (I:5;AZ 351:DI water)

10. Pre-metal clean --- 20 sec (I:20;NH4OH:DI water). Etches

photoresist from gate region.

11. Rinse with DI water, blow dry with nitrogen.

12. Place wafer in evaporation chamber.

13. Load metal pellets.

14. Lower bell jar insuring seal is good.

15. Lower pressure to 10-6 torr.

c-5 • . . .
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16. Metal is evaporated automatically.

•* 17. Remove wafer from chamber.

18. Liftoff metal with acetone soak: 5-10 minutes using ultra-

sonic tank occasionally. ..

19. Strip photoresist and blow dry with nitrogen.

Removal of p+ Layer

1. Prepare a PH 7.05 solution in the following manner:

a) Place 30 ml of Hydrogen Peroxide in a 100 ml beaker.

b) In a separate 100 ml beaker pour 10 ml of Ammonium *. ,°°

Hydroxide and fill the beaker with DI water, stir and then

pour all but 20ml out. Fill beaker again with DI water and

stir.

2. Place pH probe into beaker with hydrogen peroxide. While

stirring constantly, using an eyedropper put the dilute ammonium

hydroxide solution into the hydrogen peroxide a few drops at a

time. When the pH is 7.05 and steady, the etch is prepared.

Stirring insures that the pH will change at a moderate rate. -

3. The pH 7.05 etch is GaAs selective, with a 1000 A/min etch

rate. For typical p+ layers (75-100 )A a 6-7 sec etch time is

satisfactory.

4. Dip the wafer into the pH 7.05 etch for the required time.

5. Immediately rinse with DI water and blow dry with nitrogen.

6. The fabrication process is now complete.

C-6
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